The Wiskott-Aldrich syndrome protein (WASp) is a key regulator of the actin cytoskeleton in hematopoietic cells and mutated in two severe immunodeficiency diseases with high incidence of cancer. Wiskott-Aldrich syndrome (WAS) is caused by loss-of-function mutations in WASp and most frequently associated with lymphoreticular tumors of poor prognosis. X-linked neuropenia (XLN) is caused by gainof-function mutations in WASp and associated with acute myeloid leukemia (AML) and myelodysplastic syndrome (MDS). To understand the role of WASp in tumorigenesis, we bred WASp + , WASp − , and WASp-XLN mice onto tumor susceptible p53 +/-background and sub-lethally irradiated them to enhance tumor development. We followed the cohorts for 24 weeks and tumors were characterized by histology and flow cytometry to define the tumor incidence, onset, and cell origin. We found that p53 +/-WASp + mice developed malignancies, including solid tumors and T cell lymphomas with 71.4% of survival 24 weeks after irradiation. p53
Introduction
Patients that suffer from primary immunodeficiency are at risk to develop haematological malignancies often associated with Epstein-Barr virus infection and of poor prognosis. 1 The reason for increased cancer risk could be failure of the immune system to eradicate tumors or due to intrinsic failure during myelopoiesis and lymphopoiesis. Mutations in the WAS gene that encodes for the cytoskeletal regulator WASp are associated with two immunodeficiency syndromes, Wiskott-Aldrich syndrome (WAS) and X-linked neutropenia (XLN). WAS is caused by loss-of-function mutations in WASp leading to severe immunodeficiency. The tumor incidence in WAS is estimated to be 13-22% with a median age of onset of 9.5 years and with poor prognosis. 2, 3 WAS patient tumors include non-Hodgkin lymphoma, EBV positive and EBV negative lymphoma, Hodgkin lymphoma, Burkitt lymphoma, and less frequently myelodysplasia, acute lymphoblastic leukemia, myelomonocytic leukaemia, and nonhematopoietic malignancies. [3] [4] [5] [6] [7] [8] [9] [10] XLN is caused by mutations that destroy the auto-inhibitory folding of WASp thereby rendering WASp constitutively active.
11-15 XLN patients show bone marrow arrest at the promyelocyte stage associated with development of myelodysplastic syndrome and acute myeloid leukemia. This is associated with aberrant segregation of chromosomes to the daughter cells and impaired cytokinesis during mitosis, leading to increased cell death. [14] [15] [16] Moreover, somatic XLN mutations in WASp correlate with poor prognosis in patients with juvenile myelomonocytic leukemia and the XLN-WASp expressing leukemic clone becomes dominant in these patients. 17 We herein sought to identify the tumor incidence, onset, and cell origin in WAS and XLN. Since no spontaneous tumor development has been observed in WASp − knockout and WASp-XLN knockin mouse colonies, we established a tumor model where WASp mutant strains were bred onto tumor prone Trp53 (p53) deficient mice. As the p53 gene is responsible for maintaining genomic integrity during genotoxic stress, p53 deficient mice develop spontaneous tumors with a high incidence. 18 In p53 ±/-heterozygous mice, which shows only moderate tumor susceptibility, gamma radiation dramatically reduces the latency of tumor development. [19] [20] [21] Due to irradiation induced mutations, the intact wild type p53 allele is mutated in p53 +/-tumors, resulting in loss of heterozygosity (LOH), no functional p53 expression, and tumor growth. 19 Importantly, synergy between p53 inactivation and other mutations lead to the emergence of specific tumor types such as p53 loss in Kras G12D knock-in leads to AML 22 or Eμ-myc transgene to B cell lymphomas.
Here we used the p53 +/-WASp − and p53 +/-WASp-XLN mice to test if WASp mutations synergize with p53 in carcinogenesis. Using this model, we provide evidence for that WASp deficiency is associated with earlier onset of tumors. In contrast, gain-of-function XLN mutations in WASp led to later onset of tumors.
Materials and methods

Mice
Mice were bred and housed at animal facility of the Department of Microbiology Tumor and Cell biology at Karolinska Institutet under defined pathogen-free conditions. The WASp − and the WASp-XLN (WASp-I296T and WASp-L272P) mice were backcrossed to the C57BL/6 (B6) background for at least 8 generations. Trp53tm1Brd (p53 −/-) mice 18 were bred with the WASp mutant mice to generate p53 
WASp
+ mice were sublethally irradiated with a single exposure of 4 Gy at a median age of 20 weeks (14-32 weeks) of age. All animal experiments were performed after approval from the local ethical committee (the north Stockholm district court, Dnr 272/13).
Histopathological examination of mice
Mice were sacrificed when they developed visible tumors, showed a severe weight loss, and/or showed signs of severe discomfort. A small number of mice died spontaneously with no early indication of deterioration of their health. Spleen, liver, lymph nodes, thymus, or sternum were collected during autopsy and tissues fixed in 4% neutral buffered formaldehyde solution (Sigma-Aldrich). Tissues were routinely processed, paraffin embedded, and 4µm sections were mounted on glass slides, deparaffinized and hematoxylin-eosin stained. For immunohistochemistry, sections were mounted on charged glass slides and deparaffinized. Following heatinduced epitope retrieval (HIER) at pH9 sections were incubated with monoclonal rabbit anti F4/80 (macrophage marker; dilution 1:100, clone SP115, Abcam), or monoclonal rabbit anti CD3 (T-cell marker; dilution 1:200, clone SP7, Thermo Scientific) and visualized by Leica Bond polymer refine detection on a Leica Bond RXm staining platform. For detection of B-cells, sections were heated for 40 min in citrate buffer (pH 6), manually incubated overnight with polyclonal goat anti Pax5 (dilution 1:2500; C-20, Santa Cruz), detected using rabbit-anti-goat (1:300, Dako) and visualized using Vectastain ABC and ImmPACT DAB kits (Vector Laboratories) according to the manufacturer's instructions, and countersained with hematoxylin. Stained sections were reviewed by a veterinary pathologist (R.K.).
Flow cytometry
To determine early onset changes of the cellularity in peripheral blood, blood samples were collected at regular intervals up to 15 weeks after irradiation and during autopsy. To quantify the amount of hematopoietic cells, AccuCheck counting beads (Invitrogen by Thermo Fisher Scientific) were added to heparin treated blood samples before staining. Red blood cells were lysed with hypotonic salt. For other tissues, single-cell suspensions of spleen, liver, thymus, and tumor were prepared, red blood cells were lysed, and cells were labeled with fluorescently conjugated anti-mouse antibodies: CD45 (APC-Cy-7; hematopoietic cells), CD3 (PE; T lymphocytes), B220 (FITC; B lymphocytes), CD11b (Pacific Blue; myeloid cells) and Ly6G (PE; neutrophils). Spleen suspensions and peripheral blood samples of mice were stained with CD3e (PE; T lymphocytes), CD19 (APC-Cy-7; B lymphocytes), CD11b and CD34 (FITC; hematopoietic progenitor cells). To block Fc receptor binding, purified anti-CD16/32 was added to the staining solutions. All antibodies were purchased from BioLegend. Dead cells were detected by using 4ʹ,6-Diamidino-2-phenylindol (DAPI) and excluded from the gating. Flow cytometric analyses were performed on an LSRFortessa X-20 using FACSDiva software (Becton Dickinson). Data were analyzed using the FlowJo software (Tree Star, Inc.).
Tumor killing assay
The YAC-1 T cell lymphoma cell line was stable transfected with Luciferase-pcDNA3. 24 Luciferase-pcDNA3 was a gift from William Kaelin (Addgene plasmid #18,964). Natural killer (NK) cells were purified from spleens of poly I:C injected mice with negative selection (Miltenyi Biotec). YAC-1-luciferase cells were co-incubated with NK cells in various ratios for 6h in 96 well plates. Luciferase activity was measured in lysed cells with luciferin substrate (SigmaAldrich). NK cell killing activity was calculated as percentage of luciferase signal of the total signal of YAC-1 cells in the absence of NK cells.
In vitro neutrophil differentiation
Neutrophil differentiation in liquid culture was performed as described by Gupta et al. 25 . Hematopoietic progenitors and stem cells were purified from bone marrow suspension with negative selection (Stemcell Technologies). Equal cell density of each genotype was cultured for 3 days in the presence of SCF and IL-3. 50,000 cells were plated in each well of 96 well plates, and supplemented with SCF, IL-2, and G-CSF to induce promyelocyte differentiation for 2 days. Where indicated, samples were irradiated at day 3 with 1 Gy using X-ray. At day 5, cell numbers were determined with AccuCheck counting beads using flow cytometry.
Statistical analysis
Data were analyzed and processed using Prism 7.0 software (GraphPad Software). Survival curves were generated by using the Kaplan-Meier method and compared by Gehan-BreslowWilcoxon test. Laplace regression 26 was used to estimate the differences in the 10th and 20th percentiles of survival time between p53
±/-WASp ± and p53 ±/-WASp − or p53 ±/-WASp-XLN groups. WASp-XLN mice (16 mice). To induce genotoxic stress, these mice were sublethally irradiated and followed for 24 weeks. Two weeks after irradiation, the blood B and T lymphocyte count dropped in all genotypes and then recovered at week 4 ( Figure 1A ). p53 (Fig. S1A) . Deaths in the cohort started at 6 weeks after irradiation and through the whole 24 week period, the survival curve shows that (Table 1B) . Six other cases of deaths showed signs of both lymphoid and myeloid proliferation (Table 1C) or there was no information to establish cause of death (Table 1D) .
Results
To
Examination of body weight revealed that mice with lymphoma and the uncharacterized cohort of mice showed marked weight loss shortly before death ( Figure 2C ). Mice with sarcomas maintained their normal body weights ( Figure 2C ). Similarly, mice with lymphoma and the uncharacterized cohort had splenomegaly while sarcoma mice had relatively small spleens at the endpoint ( Figure 2D ). Plotting deaths over time showed that sarcomas were rising earlier while lymphomas appeared later ( Figure 2E ).
Immune phenotyping showed that a large proportion (more than 50%) of spindle cells in sarcomas were positive for F4/80 (macrophage, myeloid lineage) ( Figure 3A ). This phenotype is consistent with histiocytic sarcoma, a frequent tumor in C57BL/6 mice that can be triggered with chronic low-dose irradiation. 27 FACS analysis of the tumor cell suspension indicated a large proportion of hematopoietic (CD45 +) cells in the tumor mass, which mostly came from the myeloid lineage and contained neutrophils when the tumor was ulcerating ( Figure 3B and Table 1A ).
In the cases diagnosed as lymphomas, tumor cells dominating in lymphoid tissues and liver stained positive for the pan T cell marker CD3 (Figure 3C, D) . Interestingly, spleens frequently contained lineage negative (CD3-CD19-CD11b-) cells with lymphocyte morphology possibly due to downregulation of specific surface markers on the neoplastic cells. The third group of mice showed mild (#117C and #111A) and severe (#44C, 114A) disease of mixed proliferation of hematopoietic cells. Mice #44C and #114A were sacrificed due to life threatening rapid weight loss. They exhibited scattered infiltration of leukocytes in liver mostly with myeloid but occasional lymphoid infiltrates with morphology suggestive of autonomous proliferation ( Figure 3E, F) . Mice #117C and # 111A were selected in the disease cohort due to splenomegaly and hematopoietic liver infiltrates. Immune cell clusters in these mice showed perivascular location, consistent with histological changes in aged liver that is associated with carcinogenesis. 28 When compiling data, we found that although the frequency of deaths was almost double in p53 The finding that there was no dominance of a specific tumor in the different WASp genotypes, suggested that altered tumor surveillance due to WASp mutations may contribute to the tumor incidence. To test tumor cell killing, NK cells were incubated with YAC-1 lymphoma cells expressing luciferase and the loss of luciferase signal quantified. WASp deficient NK cells showed reduced killing of YAC-1 lymphoma cells when compared to wildtype NK cells ( Figure 4D-E) whereas WASp-XLN NK cells showed increased killing of YAC-1 lymphoma cells (Figure 4D-E) . Severe congenital neutropenias (SCNs), such as XLN are considered pre-leukemic conditions due to bone marrow failure. Although the exact pathophysiology of XLN is not known yet it is likely that AML emerges in XLN patients due to chronic neutropenia and the occasional G-CSF treatment. XLN mutations have been suggested to cause chromosomal instability due to increased F-actin load in the cytoplasm and elevated cytoplasmic viscosity which mechanically disrupt proper cell division. 16 We found here that WASp-XLN myeloid cells proliferated extensively in vitro and that two XLNWASp mice showed marked myeloid expansion at 2 weeks after irradiation that was quickly resolved. Despite the dysregulated myeloid proliferation, XLN-WASp had late onset tumors. This suggests the myeloid expansion do not lead to transformation in vivo using this model. Importantly, p53 only responds to particular types of genotoxic stress and our experiments suggest that chromosomal abnormalities emerging in XLN fail to synergize with p53 deletion . 29 In contrast to the p53 +/-WASp − colony, the p53 +/-WASp-XLN mice developed cancer mostly with late onset leading to delayed mortality. This implies that p53 +/-WASp-XLN mice were more resistant against tumor development when compared to p53 +/-WASp + mice and that tumor immunosurveillance was not impaired in p53 +/-WASp-XLN mice. In fact, WASp-XLN NK cells showed increased killing capacity of YAC-1 lymphoma cells.
WASp mutations compromise the immune system at multiple levels. 35 In our model, tumor development depends on the combination of genetic predisposition to DNA mutations by p53 deficiency, environmental stress by gamma radiation, and compromised immune system by WASp mutations. Our results help to understand to multifaceted nature of carcinogenic effects of WASp mutations. 
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